Introduction
============

\[FeFe\]-Hydrogenase HydA1, from the unicellular green algae *Chlamydomonas reinhardtii* (*C. reinhardtii*), is able to reversibly catalyze the evolution and uptake of molecular hydrogen, however the former is generally favored.[@cit1],[@cit2] Although the enzyme is oxygen sensitive, its structural simplicity as a monomeric hydrogenase makes it an excellent candidate for determining structure--function relationships at the H-cluster, the site where catalytic turnover takes place.[@cit3] This cofactor ([Fig. 1](#fig1){ref-type="fig"}) comprises a \[4Fe--4S\] cluster linked to a unique \[2Fe\] cluster *via* the bridging cysteine 366 and is embedded in a hydrophobic pocket of the enzyme. The \[4Fe--4S\] cluster is coordinated by four highly conserved cysteine residues (C115, C170, C362 and C366).[@cit4],[@cit5] The presence of the \[4Fe--4S\] cluster in the active site in its oxidized state is suggested to be a prerequisite for the stable incorporation of the \[2Fe\] cluster *via* artificial maturation.[@cit6]--[@cit9] This \[2Fe\] site consists of two iron atoms (Fe~p~, proximal and Fe~d~, distal relative to the \[4Fe--4S\] moiety) connected *via* an azadithiolate (adt) bridge, which is indispensable for efficient proton transfer from and to the open coordination site at Fe~d~ where the catalytic turnover of hydrogen takes place.[@cit8]--[@cit13] Additionally, the Fe~p~ and Fe~d~ are each coordinated by one CO and one CN^--^ ligand, with a third CO ligand bridging the two iron atoms. A native-like protein (holoHydA1), with respect to structural and catalytic features, has been obtained by maturating the apo form of HydA1 (apoHydA1) only harboring the \[4Fe--4S\] cluster *in vitro* with a chemically synthesized analogue of the \[2Fe\] cluster (\[2Fe\]^MIM^).[@cit8],[@cit11] This method allows for discrete modifications of the constitution of the \[4Fe--4S\] and \[2Fe\] cluster within the H-cluster.[@cit8],[@cit11],[@cit14],[@cit15] Besides targeted modifications of the bioinorganic cofactor, the fundamentals of the interplay between the H-cluster and the protein can also be assayed by site-directed mutagenesis of the surrounding amino acids. In a previous extensive study, selected amino acids involved in the hydrogen bonding network between the protein and the \[2Fe\] site were mutated leading to impaired *in vivo* maturation and catalytic activity.[@cit16] So far, the constitution of the first coordination sphere of the \[4Fe--4S\] cluster in HydA1 has not been analyzed with respect to its structural and functional integrity. The redox active \[4Fe--4S\] cluster is the supposed entry, exit and storage site for electrons and is essential for catalytic turnover *via* redox coupling to the \[2Fe\] site.[@cit17],[@cit18] It is known that the accessory \[4Fe--4S\] clusters found in other hydrogenases contain glutamine, asparagine (HupS from *Nostoc punctiforme*)[@cit19] and histidine (\[NiFe\]-hydrogenase from *Desulfovibrio fructosovorans* and \[FeFe\]-hydrogenase form *Clostridium pasteurianum*) in their first coordination sphere.[@cit4],[@cit20] This alternative coordination of a \[4Fe--4S\] cluster has also been observed for a wide range of \[Fe--S\] cluster containing proteins in nature (see review articles [@cit21]). However, natural \[4Fe--4S\] cluster coordination by serine is unknown to date, despite being the most structurally homologous to cysteine. This might be due to a the possible occurrence of redox-dependent ligand protonation and subsequent discoordination providing an unnecessary complication for \[4Fe--4S\] cluster stability.[@cit24] Mutational studies of amino acids around the accessory \[Fe--S\] clusters were performed in \[NiFe\]-hydrogenases, a further class of hydrogenases harboring a \[NiFe\] core as the site for hydrogen turnover.[@cit2],[@cit25],[@cit26] Findings from this class of systems allowed for a more in depth understanding of intra- and intermolecular electron transfer,[@cit20] cluster stability towards oxygen[@cit27],[@cit28] and even the transformation of an uptake hydrogenase into a hydrogen evolving enzyme *in vivo* was achieved.[@cit19] Therefore, amino acid exchanges within the first coordination sphere of the \[4Fe--4S\] cluster of HydA1 have the potential to reveal important clues for H-cluster maturation and catalytic properties. In this study the \[4Fe--4S\] cluster coordinating cysteines in HydA1 were individually substituted with alanine, aspartate or serine creating a pool of 12 new variants. In contrast to alanine, serine[@cit29]--[@cit31] and aspartate[@cit32],[@cit33] may serve as direct oxygenic ligands in the form of serinate or aspartate.[@cit23] Detailed analysis of the obtained variants by UV/vis, electron paramagnetic resonance (EPR), Fourier-transform infrared (FTIR) spectroscopy, solution based activity assays, and protein-film electrochemistry offered insights into the importance of the cysteines coordinating the \[4Fe--4S\] cluster. Notably, C115 was found to be responsible for stable \[4Fe--4S\] cluster integration. Variants in position C170, C362 and C366 maintain \[4Fe--4S\] cluster formation while only C170D, C170S, C362D and C362S allow for \[2Fe\] cluster incorporation and subsequent enzymatic activity, which, however, appears lowered and biased compared to the wild-type (WT).

![Model of the H-cluster within HydA1 from *Chlamydomonas reinhardtii*. Cysteine residues coordinating the \[4Fe--4S\] cluster are shown as green sticks (numbering is according to the expressed amino acid sequence). Protein Data Bank structures ; 3C8Y and ; 3LX4 were used for generating this model in PyMOL. Color coding is as follows: orange, iron; yellow, sulfur; gray, carbon; blue, nitrogen; red, oxygen.](c7sc03444j-f1){#fig1}

Results
=======

Amino acid exchanges of the \[4Fe--4S\] cluster coordinating cysteines
----------------------------------------------------------------------

The four coordinating cysteines (C115, C170, C362 and C366) were individually targeted by single amino acid exchanges. In total, 12 new variants of the \[FeFe\]-hydrogenase were successfully established by site-directed mutagenesis (see Table S1[†](#fn1){ref-type="fn"} for mutagenic primers): C115A, C115D, C115S, C170A, C170D, C170S, C362A, C362D, C362S, C366A, C366D, and C366S. Protein yields for the variants were decreased down to 15% compared to the WT. Furthermore, the C115 variants appeared less deep in the characteristic brown color of purified \[FeFe\]-hydrogenases. This color difference provided visual evidence that the site of replacement matters when looking at the effects of the individual replacement of the four cysteines.

UV/vis and EPR spectroscopy to elucidate the presence of the \[4Fe--4S\] cluster in apoHydA1
--------------------------------------------------------------------------------------------

The constitution of the \[4Fe--4S\] cluster in the apoHydA1 variants was determined by UV/vis and by EPR spectroscopy. Characteristic WT-like absorbance features around 320 and 420 nm, representing the oxidized \[Fe--S\] site within the \[FeFe\]-hydrogenases were observed by UV/vis spectroscopy for the C170, C362 and C366 variants ([Fig. 2A](#fig2){ref-type="fig"}), with C362D having an overall decrease in absorbance (Fig. S1A, bottom[†](#fn1){ref-type="fn"}). All C115 variants showed strongly reduced absorbances as expected from the pale color of the purified protein. Exposure to oxygen for 12 h led to an almost complete loss of signals for all variants in the characteristic region of 320 to 420 nm, pointing towards a retained oxygen sensitivity of the \[4Fe--4S\] clusters.

![Spectroscopic characterization of apoHydA1 variants. UV/vis absorbance spectra of apoHydA1 WT and the apoHydA1 C115S (red), C170S (blue), C362S (green), and C366S (orange) variants in their oxidized form. UV/vis spectra were measured at 25 °C in 100 mM Tris--HCl buffer (pH 8). Spectra were normalized to the protein absorbance peak at 280 nm. The inset shows the iron content of apoHydA1 variants based on the method of Fish[@cit52] in \[mol mol^--1^\] determined in triplicate (A). Q-band FID detected EPR spectra obtained from the reduced (B) and oxidized (C) form of the 600 μM apoHydA1 variants measured at 10 K and 20 K respectively. The ratio of each variant to the WT integral value is given in \[%\] with 10--20% accuracy. Please note the WT sample was found to be composed of 90% \[4Fe--4S\] and 10% \[3Fe--4S\] clusters in total.](c7sc03444j-f2){#fig2}

EPR spectroscopy was used to unambiguously identify the nature of the \[Fe--S\] clusters formed. For the WT and all variants, the spectra of oxidized samples ("as purified") and reduced samples (excess of sodium dithionite (NaDT), 10 mM) were investigated. In the reduced apoHydA1 samples, a \[4Fe--4S\]^+^ cluster is expected with a characteristic EPR signal, whereas in the oxidized samples, the \[4Fe--4S\]^2+^ cluster is EPR silent. Additional signals could result from oxidized \[3Fe--4S\] or reduced \[2Fe--2S\] clusters, indicating incomplete \[4Fe--4S\] cluster formation and/or oxygen damage.

In all oxidized samples, the presence of a narrow axial EPR spectrum with *g* = \[2.006, 1.965\] values is observed ([Fig. 2C](#fig2){ref-type="fig"}) that is typical for a *S* = 1/2\[3Fe--4S\]^+^ cluster.[@cit34] In the reduced samples, these \[3Fe--4S\] clusters were no longer detectable indicating that they are reduced. Instead, nearly axial EPR signals were detected, characteristic for a low-spin *S* = 1/2\[4Fe--4S\]^+^ cluster with *g* = \[2.045, 1.926, 1.896\] ([Fig. 2B](#fig2){ref-type="fig"}) as observed previously for apoHydA1.[@cit35] \[2Fe--2S\] clusters often exhibit *g*-values similar to \[4Fe--4S\] clusters, therefore the relaxation properties of the signals in the reduced samples were additionally checked and thus the presence of the \[2Fe--2S\] clusters could be excluded in all cases. The \[3Fe--4S\]^+^ cluster signals showed exactly the same *g*-values for all variants within the experimental accuracy. This was in contrast to the EPR spectra of the \[4Fe--4S\]^+^ clusters, where small shifts of the broad lines were detected. Most affected was the *g*~1~ value, with a maximum shift of 0.015, whereas *g*~2~ and *g*~3~ only varied up to 0.005, likely a result of missing or altered coordination of the \[4Fe--4S\] cluster. EPR signal integration of the cluster signals indicated differences in the distribution of \[4Fe--4S\] and \[3Fe--4S\] clusters between the different apoHydA1 variants compared to apoHydA1 WT. The WT sample was found to be composed of protein containing 90% \[4Fe--4S\] and 10% \[3Fe--4S\] clusters. As already seen from the UV/vis spectra, the occupancy within the C115 variants was strongly reduced to 40--60% (depending on the mutation) for the \[4Fe--4S\]^+^ (except for the C115A variant) and 20--60% for the \[3Fe--4S\]^+^ cluster signal ([Fig. 2B](#fig2){ref-type="fig"} and S1B[†](#fn1){ref-type="fn"}), which was additionally confirmed by the low molar iron/HydA1 ratio ([Fig. 2A](#fig2){ref-type="fig"} and S1A[†](#fn1){ref-type="fn"}). For the C170 and C362 variants the \[4Fe--4S\]^+^ cluster occupancy appeared native-like, while the \[3Fe--4S\]^+^ cluster content appeared 1.5 fold higher than observed for apoHydA1 WT. The only exceptions were the C170A variant with a decreased \[4Fe--4S\] cluster content (60%) and C362D where variation to aspartate led to a drastic decrease of \[4Fe--4S\]^+^ and \[3Fe--4S\]^+^ cluster content to roughly 20% and 60%, respectively ([Fig. 2B](#fig2){ref-type="fig"} and S1B[†](#fn1){ref-type="fn"}). EPR data of the C366 variants showed only 10% and 20--60% occupancy for \[4Fe--4S\]^+^ and \[3Fe--4S\]^+^ clusters respectively, despite a characteristic absorbance band at 420 nm and an average iron content of 2.5 iron/HydA1. These results show that the integrity of the \[4Fe--4S\] cluster depends on both the site of replacement and the choice of the amino acid used for exchange. In many cases the lack of a proper coordination for the \[4Fe--4S\] led to the absence of this cluster rather than its incomplete insertion.

FTIR spectroscopy for determination of \[2Fe\] cluster integration
------------------------------------------------------------------

We further investigated if a preformed \[4Fe--4S\] cluster, as observed in the C170 and C362 apoHydA1 variants, was sufficient for *in vitro* \[2Fe\]^MIM^ cluster insertion. This was assayed by iron content determination (Table S2[†](#fn1){ref-type="fn"}) and in more detail by FTIR spectroscopy. FTIR spectroscopy is an excellent method to check for successful \[2Fe\] cluster integration as its CO and CN^--^ ligands give rise to characteristic absorption bands which appear sharp only after stable integration of the \[2Fe\] cluster. In all FTIR spectra obtained from variants with changes at position C115 or C366, no sharp peaks were observed in the FTIR spectra, showing that no cluster insertion took place. Interestingly, FTIR signals were also not detected for C170A and C362A, despite the presence of a preformed \[4Fe--4S\] cluster. On the other hand, for C170D, C170S, C362D, and C36S2 variants, characteristic absorption bands were observed ([Fig. 3A](#fig3){ref-type="fig"}, S3 and summary of the relevant redox states Table S3[†](#fn1){ref-type="fn"}) indicating the stable incorporation of the \[2Fe\]^MIM^ site for these four variants only. However, maturation of these variants appeared only partial and did not directly correspond to the \[4Fe--4S\] cluster occupancies, except for C362D. Based on a comparison of the integrated area under the FTIR signals, the most highly maturated variant was C170D (≈25 ± 3%) followed by C362D (≈20 ± 3%), C170S (≈10 ± 3%) and C362S (≈10 ± 3%) ([Fig. 3B](#fig3){ref-type="fig"}). This indicated that the C170D and C362D variants were more likely to be maturated than the C170S and C362S variants, even though a higher occupancy of \[4Fe--4S\] for the C170S and C362S in comparison to C362D would suggest a lower \[2Fe\]^MIM^ cluster loading for C362D. Additionally, longer maturation of the C170S and C362S variants followed by FTIR revealed that it is necessary for these variants to increase the time of maturation from 1 h to 30 h (Fig. S4 and S5[†](#fn1){ref-type="fn"}).

![FTIR spectra of holoHydA1 WT and holoHydA1 variants. Comparison of FTIR spectra normalized to the same enzyme concentration of holoHydA1 WT and holoHydA1 C170D, C170S, C362D, and C362S variants without further treatment ("as purified") (A). Comparison of FTIR spectra normalized to the same enzyme concentration of holoHydA1 WT and holoHydA1 C170D, C170S, C362D, and C362S variants after 15 min CO flushing ("CO inhibited") (B). Position of bands assigned to characteristic redox states are indicated above the spectra. Representative spectra of *in vitro* maturated C170S and C362S samples for 30 h and C170D and C362D for 1 h. Sample concentration varied between 1 and 2.1 mM. Spectra were measured at 15 °C in 100 mM Tris--HCl buffer (pH 8) with 2 mM NaDT.](c7sc03444j-f3){#fig3}

Similar to the "as purified" WT FTIR spectrum, the "as purified" spectra of C170D, C170S, C362D, and C362S exhibited a mixture of active and CO inhibited states after *in vitro* maturation. Interestingly, for the C170D variant bands assigned to redox states with an oxidized \[4Fe--4S\]^2+^ cluster were predominant (H~red~H^+^, H~ox~, H~ox~--CO), while the C362D variant mainly exhibited bands assigned to redox states with a reduced \[4Fe--4S\]^+^ cluster (H~red~, H~red~H^+^, H~red~--CO).[@cit36][Fig. 3](#fig3){ref-type="fig"} shows the indicative band positions for "as purified" samples, as well as for samples flushed with CO (15 minutes) to enrich the non-catalytic CO inhibited states (exact band positions are annotated in Fig. S3[†](#fn1){ref-type="fn"}). This is an easy method to obtain pure well-characterized states that allow for the direct comparison between FTIR spectra of all four variants. Small shifts of the band positions (up to 3 cm^--1^) were observed for all variants, except for bands assigned to the H~ox~--CO state of the C170D variant. Notably, the band assigned to its bridging CO was shifted by 5 cm^--1^, while the bands at 2010 and 1961 cm^--1^ appeared shifted by only 3 cm^--1^ to lower frequencies. The biggest overall shift to higher frequencies was detected for its band at 1977 cm^--1^ (7 cm^--1^). Taken together, the data demonstrate for the C170 and C362 variants that a preformed \[4Fe--4S\] cluster alone is not sufficient for \[2Fe\]^MIM^ cluster insertion.

Solution based assays and protein-film electrochemistry for investigation of altered enzymatic activity
-------------------------------------------------------------------------------------------------------

Subsequently, we questioned how the catalytic properties of the variants were influenced by the introduced amino acid exchanges. No hydrogen evolution above the detection limit of 1 μmol H~2~ per minute per mg HydA1 could be detected in a solution based assay using NaDT as electron donor and methyl viologen (MV) as electron mediator for all C115 and C366 variants as well as for C170A and C362A. In contrast, hydrogen evolution and uptake by the C170D, C170S, C362D, and C362S variants was clearly measurable ([Table 1](#tab1){ref-type="table"}). As expected, only variants for which successful insertion of the \[2Fe\]^MIM^ site was detected in FTIR spectroscopy showed catalytic turnover. Overall lower rates for hydrogen evolution and uptake compared to WT were detected ranging from about 0.2--8.0% and 0.5--32.1%, respectively. In line with the results from FTIR spectroscopy the C170S and C362S variants showed roughly a 3-fold increase in their catalytic rates once the time of maturation was prolonged from 1 to 30 h. The ratios of hydrogen uptake to hydrogen evolution rates revealed that the C362 variants had a tendency towards hydrogen uptake, while for the C170 variants a tendency towards hydrogen evolution was observed ([Table 1](#tab1){ref-type="table"}). These tendencies are supported by findings from library screening plate tests where single colonies of *Escherichia coli* expressing the holoHydA1 variants were tested for their hydrogen oxidation ability. Herein, a MV suspension turning from colorless to blue once reduced (by enzymatic hydrogen uptake) was used as a readout system (for details see [@cit37]). For the C362 variants, a blue coloring was detected, while the C170 remained clear (Fig. S2[†](#fn1){ref-type="fn"}). In an additional solution assay the natural electron mediator PetF, a \[2Fe--2S\]-ferredoxin, was used to determine hydrogen production leading to rates that followed the trends already observed for the MV based assay. Furthermore, enzymatic activity was further confirmed by protein-film electrochemistry for the four active variants (C170D, C170S, C362D, and C262S) adsorbed on a rotating disc pyrolytic graphite electrode and measured at pH 6 under 100% H~2~. [Fig. 4](#fig4){ref-type="fig"} shows that all variants displayed a (partly) reversible oxidative inactivation. This oxidation leads to an inactive state at high potentials (*E* \> +50 mV), which is characteristic for *C. reinhardtii* HydA1 and can be reactivated upon scanning in the negative direction.[@cit38] The ratios of currents for proton reduction and hydrogen oxidation showed that the C170 variants favored proton reduction, while the C362 variants favored hydrogen oxidation. As the most extreme case, the C362D variant barely reduced protons at pH 5 to 10 (Fig. S6[†](#fn1){ref-type="fn"}). Therefore, modifications of the cysteines coordinating the \[4Fe--4S\] site of the H-cluster truly influence the catalytic turnover at the \[2Fe\] site.

###### H~2~ production and uptake activities of holoHydA1 WT and holoHydA1 variants. Samples were maturated *in vitro* for 1 or 30 h. Activities given in \[μmol H~2~ per min per mg HydA1\] using MV or PetF as the electron mediator. Ratio of MV dependent H~2~ uptake to H~2~ production is given in \[%\]. Activity tests for PetF dependent H~2~ production was carried out in 100 mM K~2~HPO~4~/KH~2~PO~4~ buffer (pH 6.8), 80 μM PetF with the addition of 25 mM NaDT. Measurements were done in triplicate from samples analyzed by FTIR spectroscopy in parallel. Activity tests for MV dependent H~2~ production were carried out in 100 mM K~2~HPO~4~/KH~2~PO~4~ buffer (pH 6.8), 10 mM MV with the addition of 100 mM NaDT. The activity tests for MV dependent H~2~ uptake were carried out in 100 mM K~2~HPO~4~/KH~2~PO~4~ buffer (pH 6.8), 40 mM MV under 100% H~2~. Representative data of WT, C170D, C170S, C362D and C362S for at least two measurements in triplicate from samples analyzed by FTIR spectroscopy in parallel. H~2~ production and uptake were determined on the same day from identical protein preparations

  Sample   1 h maturation                               30 h maturation                                                                              
  -------- -------------------------------------------- ------------------------------------------- ------------- ------ -------------- ------------ -------
  WT       410.6 ± 39.6                                 728.0 ± 5.0                                 271.0 ± 3.0   37.2   n.d.           n.d.         
  C115A    n.d.[^*a*^](#tab1fna){ref-type="table-fn"}   \<1[^*b*^](#tab1fnb){ref-type="table-fn"}   n.d.                 n.d.           n.d.         
  C115D    n.d.                                         \<1                                         n.d.                 n.d.           n.d.         
  C115S    n.d.                                         \<1                                         n.d.                 n.d.           n.d.         
  C170A    n.d.                                         \<1                                         n.d.                 \<1            \<1          
  C170D    33.2 ± 2.0                                   101.1 ± 1.1                                 2.6 ± 1.3     2.6    141.2 ± 25.6   11.1 ± 3.0   7.9
  C170S    11.7 ± 0.9                                   64.5 ± 2.1                                  11.8 ± 1.5    18.3   231.4 ± 58.2   29.6 ± 8.6   12.8
  C362A    n.d.                                         \<1                                         n.d.                 \<1            \<1          
  C362D    8.5 ± 0.9                                    5.7 ± 0.2                                   2.1 ± 0.3     36.8   6.4 ± 0.5      2.8 ± 0.2    43.8
  C362S    9.4 ± 2.6                                    1.6 ± 0.1                                   1.4 ± 0.3     87.5   4.4 ± 1.4      6.9 ± 0.5    156.8
  C366A    n.d.                                         \<1                                         n.d.                 n.d.           n.d.         
  C366D    n.d.                                         \<1                                         n.d.                 n.d.           n.d.         
  C366S    n.d.                                         \<1                                         n.d.                 n.d.           n.d.         

^*a*^n.d.: not determined as FTIR spectroscopy did not show \[2Fe\]^MIM^ cluster integration and H~2~ production yielded no significant activity.

^*b*^Based on the used detection method for H~2~ production values below 1 μmol H~2~ per min per mg HydA1 cannot be determined.

![Cyclic voltammograms of holoHydA1 WT and holoHydA1 variants. Cyclic voltammograms of holoHydA1 WT (black, top), overlay of cyclic voltammograms of holoHydA1 C170D (black) and C170S (grey) variants (middle), and overlay of cyclic voltammograms of holoHydA1 C362D (black) and C362S (grey) variants (bottom). Negative currents refer to proton reduction while positive currents represent hydrogen oxidation The horizontal dotted line represents the zero current and the vertical dotted line indicates the thermodynamic potential *E*~2H^+^/H~2~~ at pH 6 (--0.354 V, *vs.* SHE). Samples were maturated *in vitro* for 1 h. Cyclic voltammetries were measured at 25 °C, in a buffer mix pH 6, at 20 mV s^--1^, under 1 atm H~2~, and at 2000 rpm electrode rotation rate.](c7sc03444j-f4){#fig4}

Discussion
==========

Despite general observations that single exchanges of the cysteines coordinating the \[4Fe--4S\] cluster may lead to impairments in protein folding, stability, expression and purification, we were able to successfully generate such variants in their apoforms.[@cit23] So far only a few cases of cysteine to serine exchanges with retained \[4Fe--4S\] cluster integrity and enzymatic activity have been reported,[@cit29],[@cit39] since this exchange often leads to loss of the cluster, cluster interconversions and/or structural rearrangements.[@cit23],[@cit31],[@cit40],[@cit41] Exchanges of the \[4Fe--4S\] cluster coordinating cysteines to aspartate have been shown before to be functionally tolerated in the PsaC subunit of photosystem I, as well as in the small subunit of a \[NiFe\]-hydrogenase.[@cit32],[@cit33] By following the occupancies of the \[4Fe--4S\] and \[2Fe\] cluster of the catalytically relevant H-cluster, we have been able to gain new insights into the importance of each individual cysteine coordinating the \[4Fe--4S\] cluster.

Variants at the C115 position showed that only a very small amount of the preformed \[4Fe--4S\] cluster was present in the purified proteins, with protein yields notably decreased. This finding was particularly surprising as the sequence alignment of putative hydrogenases suggests that serine is present in this position for about 20% of the analyzed sequences suggesting serine as an alternative ligand.[@cit3] As C115 is located in the core of the protein, structural flexibility at this position might be too limited to allow for alternative coordination by aspartate or serine. In the case of variation to alanine the neighboring cysteine 114 could act as an alternative ligand to the \[4Fe--4S\] cluster explaining the higher \[4Fe--4S\] cluster occupancy of C115A compared to the other C115 variants. Since a preformed \[4Fe--4S\] cluster is required for \[2Fe\] cluster integration *in vitro*,[@cit6],[@cit42] the observed deficiency of a \[2Fe\] cluster within the C115 variants is attributed to the low \[4Fe--4S\] cluster occupancy, which suggests that C115 is vital for the stability of the \[4Fe--4S\] cluster.

Variants in position C366 also showed no \[2Fe\]^MIM^ cluster insertion, although they most likely do allow for \[4Fe--4S\] cluster formation according to WT-like UV/Vis spectra and findings from iron determination. However, the EPR spectroscopic signals for the \[4Fe--4S\]^+^ cluster appeared drastically decreased for the C366 variants compared to the WT (to 10--15 and 20--60%, respectively). One explanation is that the majority of the clusters were turned into an EPR silent state by the selected amino acid exchanges, an effect already observed for a \[4Fe--4S\] cluster within the PsaC subunit of photosystem I (exchange of cysteine to aspartate).[@cit33] Furthermore, in the native protein, the \[4Fe--4S\] cluster coordinating cysteine 366 is exposed to the surface of the maturation channel, providing the site of covalent attachment of the \[2Fe\] site.[@cit42] It was shown that upon variation of this bridging position the covalent linkage of the \[2Fe\] cluster to the \[4Fe--4S\] cluster, as well as to the protein, is no longer feasible.[@cit3] Subsequently, stable \[2Fe\] cluster insertion fails for the C366 variants herein.

Unlike cysteines C115 and C366, cysteine 170 is located in a flexible loop and appears to have enough structural flexibility to maintain WT-like \[4Fe--4S\] cluster occupancy for the C170D and C170S, variants as well as roughly 60% occupancy for the C170A variant. Overall, more \[3Fe--4S\] cluster compared to WT was present for variants in position C170, which is a clear indication, that \[4Fe--4S\] cluster integrity was affected by altering the fourth coordination site.[@cit23] The general observation in the EPR spectroscopy that \[3Fe--4S\] clusters were present for the HydA1 variants, as well as for the HydA1 WT, in EPR spectroscopy might be a consequence of insufficient \[4Fe--4S\] cluster maturation due to the heterologous overexpression, lack of the fourth coordinating ligand, or oxidative damage during sample preparation.[@cit6],[@cit15],[@cit28] EPR signals corresponding to the \[4Fe--4S\] clusters only displayed small shifts and changes in the line broadening for all variants, which was probably caused by a change in cluster coordination. It should be noted that while exchange of cysteinate to serinate retains monodentate ligation of the iron, aspartate may act as a mono- or bidentate ligand. The possibility of coordination by solvent molecules (OH^--^ or H~2~O) may explain the stability of the cluster in the case of alanine substitutions. The nature of the actual coordination however remains unclear, since NMR or X-ray crystallographic studies are required for definitive conclusions.[@cit24]

Despite the presence of a preformed \[4Fe--4S\] cluster for all of the C170 variants, only C170D and C170S showed \[2Fe\]^MIM^ cluster insertion, which however was only partial. Prolongation of the *in vitro* maturation improved the final \[2Fe\] cluster occupancy notably for the C170S variants, indicating a slowed insertion of the subcluster as seen for the \[FeFe\]-hydrogenase HydAB from *Desulfovibrio desulfuricans*.[@cit43] Interestingly, for the C170A variant, any stable \[2Fe\]^MIM^ cluster incorporation could not be detected even after 30 h of *in vitro* maturation. This clearly shows that a preformed \[4Fe--4S\] cluster alone does not guarantee for stable \[2Fe\]^MIM^ incorporation and additional factors must certainly contribute to the maturation process. Very recent studies suggest a sequence of events in which the \[2Fe\]^MIM^ cluster first attaches tightly to the apoprotein forming a stable intermediate.[@cit7] During this initial step, the \[2Fe\]^MIM^ cluster passes through a maturation channel lined with positively charged amino acids where a lysine residue at the end of the maturation channel plays a crucial role in orientation and anchoring.[@cit16],[@cit42] The preformed \[4Fe--4S\] cluster is part of this channel being located at its base. Its redox state appears crucial for covalent attachment of the \[2Fe\]^MIM^ cluster as under strongly reducing conditions the activation of the protein fails, indicating that the \[4Fe--4S\] cluster needs to be oxidized to form a bond with the \[2Fe\]^MIM^ cluster.[@cit7] As a last step structural rearrangements and CO release take place.

In all variants for which successful \[2Fe\]^MIM^ cluster incorporation occurred, the vibrational features of the CO and CN^--^ ligands could be assessed by FTIR spectroscopy. No significant change in the overall spectra for the catalytically relevant states was observed for any of the variants. A similar observation was made recently when even for a chalcogenide exchange within the \[4Fe--4S\] cluster from sulfur to selenium, which did not lead to any altered FTIR patterns.[@cit14] Slight shifts in the spectra were observed for the CO inhibited form of the C170D variant. In particular, a shift of 7 cm^--1^ towards higher frequencies was detected for the band at 1977 cm^--1^, containing major contributions from the equatorial CO ligand of the proximal iron (CO~p~).[@cit44] The close proximity of the CO~p~ ligand to C170 (C170 Sγ atom to CO~p~ 4.0 Å and C170 Cβ atom to CO~p~ 3.1 Å, based on an overlay structure of PDB ID: ; 3LX4 and ; 3C8Y, [Fig. 1](#fig1){ref-type="fig"}) might be the reason for this effect. Aspartate is slightly bigger and has a different charge distribution than cysteine therefore influencing the structural and electronic environment of the CO~p~. Despite the FTIR data showing a higher \[2Fe\] occupancy for other variants, the C170S variant appears to be the most active in hydrogen evolution and uptake in solution based activity assays, pointing towards a high tolerance for amino acid exchanges at this position. The ratios of the obtained evolution and uptake rates of the functional variants in this study allowed for some quantification of the catalytic bias under the given conditions.[@cit15],[@cit45] Compared to the WT, the C170 variants were biased towards hydrogen evolution in these assays in agreement with protein-film electrochemistry experiments.

EPR and FTIR spectroscopy provided a similar picture for the C362 and the C170 variants, except for the C362D variant which showed only 20% \[4Fe--4S\] cluster occupancy. Despite its location in a flexible loop and findings for the variants at other positions, the slightly larger size and different charge distribution of aspartate compared to cysteine appears to destabilize the \[4Fe--4S\] cluster at this position. However, the obtained absolute numbers suggest that for the C362D variant, all protein containing a \[4Fe--4S\] cluster can be maturated whereas the C362S variant is only partially maturated. As seen for C170S, prolongation of the *in vitro* maturation led to increased \[2Fe\] cluster occupancy for the C362S variant.

The importance of the C362 position for catalytic turnover was highlighted by the fact that the C362D and C362S variants displayed enzymatic activities of less than 2.5% compared to the WT in either direction, despite 20% and 10% \[2Fe\] cluster occupancy, respectively. The C362 variants are biased towards hydrogen uptake in solution assays using MV as an artificial electron mediator as well as in protein-film electrochemistry experiments, while the bias towards hydrogen oxidation for the C362D appeared stronger in the latter. It has been proposed that the catalytic bias is controlled by the potential of the electron relay center at which the electrons enter and/or exit the hydrogenase (*E*~ox/red~).[@cit17] The actual ability of the enzyme to either evolve or oxidize hydrogen subsequently originates from the separation of *E*~ox/red~ and the equilibrium potential of hydrogen oxidation and proton reduction (*E*~2H^+^/H~2~~) under the given conditions. Following up this basic model leads to the assumption that if *E*~2H^+^/H~2~~ ≫ *E*~ox/red~ hydrogen evolution is favored and in case of *E*~2H^+^/H~2~~ ≪ *E*~ox/red~ hydrogen uptake is favored.[@cit17],[@cit38] This would lead to the speculative conclusion that the redox potential of electrochemical control center, in the case of HydA1 the potential of the \[4Fe--4S\] cluster, is shifted to higher potentials for C362 variants and lower potentials for C170 variants compared to the WT. C362D represents an extreme case, as it loses its reversibility, similarly to the situation in oxygen tolerant \[NiFe\]-hydrogenases.[@cit17],[@cit46] Another consequence of this potential shift to more positive values is the appearance of an overpotential for catalytic H~2~ oxidation. The active site needs to be completely oxidized in order to accept the electrons from hydrogen, since the transitions are shifted to more positive values in the C362D variant, hydrogen oxidation does not start until a potential more positive than --300 mV is applied, that is a 50 mV overpotential ([Fig. 4](#fig4){ref-type="fig"}). The same effect, but to a lesser extent, could be observed for the C170 variants in the H~2~ evolution direction. These shifts in catalytic bias were observed for a broad pH range (Fig. S6[†](#fn1){ref-type="fn"}), indicating that the shift in the cluster potential dominates over any changes in the p*K*~a~ of the cluster. The characteristic catalytic bias of the C170 and C362 variants can be related to the findings from FTIR spectroscopy where a shift in the equilibrium redox properties of the H-cluster is observed. The large population of states with a reduced \[4Fe--4S\] cluster for the C362D variant indicates a more positive potential while the absence of reduced \[4Fe--4S\] cluster species for the C170D variant when measured under the same conditions, indicate a more negative potential for the cluster. Since the characteristic bias of the C170 and C362 variants was observed in all assays performed, it became, therefore, evident that alteration around the \[4Fe--4S\] cluster influences the bias of catalytic turnover at the remote Fe~d~.

Conclusion
==========

The importance of each coordinating cysteine around the \[4Fe--4S\] cluster of the H-cluster within \[FeFe\]-hydrogenase HydA1 has been analyzed in detail within this study. The results clearly showed that C115 is crucial for \[4Fe--4S\] cluster binding, C170 and C362 are replaceable by aspartate or serine while maintaining catalytic activity and C366 appears responsible for anchoring the \[2Fe\] site. Furthermore a preformed \[4Fe--4S\] cluster does not guarantee stable insertion of the \[2Fe\] cluster. It became evident herein that alterations around the \[4Fe--4S\] cluster influence the catalytic turnover at the remote Fe~d~, demonstrating the synergy between the active site and the protein scaffold (see schematic summary S1[†](#fn1){ref-type="fn"}). Since the \[4Fe--4S\] cluster is part of the catalytically relevant H-cluster *via* redox coupling, it must be considered when thinking about reducing hydrogenases to their minimal functional units. This study therefore contributes to the understanding of the catalytic site of \[FeFe\]-hydrogenases and at the same time contributes to the future design of such engineered enzymes as it reveals important structural and electronical prerequisites for tuning enzymatic turnover.

Experimental procedure
======================

Generation of HydA1 variants
----------------------------

Site-directed mutagenesis at position C115, C170, C362 and C366 (numbering according to the expressed amino acid sequence) was performed by QuikChange using pET21(b)-hydA1 as the template plasmid[@cit47] and the mutagenic primers listed in Table S1.[†](#fn1){ref-type="fn"} Introduction of the desired mutations was verified by sequencing.

Protein expression and purification
-----------------------------------

\[FeFe\]-Hydrogenase HydA1 from *C. reinhardtii*[@cit1] (48 kDa) with C-terminally fused Strep-tagII and its variants were heterologous expressed in *Escherichia coli* strain BL21(DE3)ΔiscR[@cit48] in the absence of specific maturases, therefore lacking the \[2Fe\] subcluster (apoHydA1).[@cit47] Strep-tactin affinity chromatography (iba, Göttingen, Germany) was used for protein purification under strictly anaerobic conditions using 100 mM Tris--HCl buffer (pH 8) containing 2 mM NaDT.[@cit49] Protein preparations used for EPR and UV/vis spectroscopy were purified without the reducing agent NaDT. Protein yields were about 6 to 9 mg for C115 variants, 13 to 19 mg for C170 variants, 5 to 12 mg for C362 variants, and 6 to 11 mg for C366 variants out of 1 L expression culture compared to up to 30 mg for the WT. Recombinant \[2Fe--2S\]-ferredoxin PetF from *C. reinhardtii* was prepared as described earlier.[@cit50] Protein concentrations were determined by the method of Bradford[@cit51] using bovine serum albumin as a standard and protein purity was assessed by SDS-PAGE. Bovine serum albumin was obtained commercially from Carl Roth, Karlsruhe, Germany.

*In vitro* maturation
---------------------

\[Fe~2~\[μ-(SCH~2~)~2~NH\](CN)~2~(CO)~4~\]\[Et~4~N\]~2~ (\[2Fe\]^MIM^) was prepared as described before[@cit11] and dissolved in 100 mM K~2~HPO~4~/KH~2~PO~4~ buffer (pH 6.8) to concentrations of 21 to 55 mM. A 5-fold molar excess of \[2Fe\]^MIM^ was added to 200 to 400 μM apoHydA1 in a final volume of up to 500 μL 100 mM K~2~HPO~4~/KH~2~PO~4~ buffer (pH 6.8) with 2 mM NaDT initiating the maturation process at 25 °C for 1 h or 30 h.[@cit8],[@cit15] Subsequently the excess of \[2Fe\]^MIM^ was removed *via* size exclusion chromatography using a NAP-5 column (GE Healthcare, Chicago, USA) equilibrated with 100 mM Tris--HCl (pH 8) with 2 mM NaDT. Protein preparations were concentrated up to 2 mM using 30 kDa Amicon Ultra centrifugal filter units (Merck Millipore, Billerica, USA) and stored anaerobically at --80 °C.

UV/vis spectroscopy
-------------------

UV/vis spectra were recorded with a UV-2450 spectrometer (Shimadzu, Kyoto, Japan) at 25 °C using sealed 1 mL UV-cuvettes filled with 500 μL apoHydA1 solution at a concentration of 10 μM in 100 mM Tris--HCl buffer (pH 8). After the initial spectra was measured under anaerobic conditions, the seal was removed and apoHydA1 solution was exposed to air at room temperature for 12 h before a further spectra were recorded. Obtained spectra were normalized to the protein peak at 280 nm.

Iron quantification
-------------------

Iron content of samples prepared for EPR and FTIR analysis was quantified in triplicate using the method of Fish[@cit52] and protein concentrations were determined in parallel.

EPR analysis
------------

ApoHydA1 samples at a concentration of 600 μM in 100 mM Tris--HCl buffer (pH 8) were analyzed by EPR. A final concentration of 10 mM NaDT was used to obtain reduced samples. Q-band EPR spectra were recorded using free induction decay detected EPR with a microwave pulse length of 1 μs. All pulse experiments were performed on a Bruker ELEXYS E580 Q-band spectrometer with a SuperQ-FT microwave bridge and home built resonator described earlier.[@cit53] X-band continuous wave EPR measurements were performed on a Bruker ELEXYS E-580 X-band spectrometer with a SuperX-FT microwave bridge and Bruker ER EN4118X-MD5 dielectric resonator. Cryogenic temperatures (10--20 K) were obtained by an Oxford CF935 flow cryostat.

FTIR analysis
-------------

FTIR spectra of as purified *in vitro* maturated HydA1 samples at concentrations of 0.9 to 2 mM in 100 mM Tris--HCl buffer (pH 8) with 2 mM NaDT were recorded. For selected variants protein samples were additionally flushed with CO gas for 15 min prior to recording CO inhibited spectra. All experiments were performed using a Bruker IFS 66v/s FTIR spectrometer equipped with a nitrogen cooled MCT detector. For each spectrum 1000 scans were accumulated in the double-sided, forward--backward mode at a resolution of 2 cm^--1^ at 15 °C. Data processing was facilitated by home written routines in the MATLAB™ programing environment.

Hydrogen evolution assay
------------------------

For determination of the MV dependent hydrogen evolution, a standard *in vitro* enzymatic activity assay[@cit54] was performed within 8 mL anaerobically sealed vials using 800 ng of the *in vitro* maturated HydA1 variants, 100 mM NaDT and 10 mM MV in 100 mM K~2~HPO~4~/KH~2~PO~4~ buffer (pH 6.8) in a final volume of 2 mL. Hydrogen formation was detected *via* gas chromatography after incubation at 37 °C for 30 min. For determination of the PetF dependent hydrogen evolution, an activity assay described in literature[@cit50] was performed within 2 mL anaerobically sealed vials using 160 ng of the *in vitro* maturated HydA1 variants, 25 mM NaDT and 80 μM PetF in 100 mM K~2~HPO~4~/KH~2~PO~4~ buffer (pH 6.8) in a final volume of 200 μL. Hydrogen formation was detected *via* gas chromatography after incubation at 37 °C for 20 min.

Hydrogen uptake assay
---------------------

Hydrogen uptake was assayed based on procedures described in the literature.[@cit15],[@cit47] A sealed 1 mL UV-cuvette was flushed with H~2~ before adding 955 μL 100 mM K~2~HPO~4~/KH~2~PO~4~ buffer (pH 6.8) containing 40 mM MV and 5 μL *in vitro* maturated HydA1 corresponding to 10 to 1250 ng of total protein *via* a syringe. Evolution of MV therefore its colorimetric change from clear to dark purple, was followed at 25 °C spectrophotometrically using a Beckman Coulter PARADIGM™ absorbance detection cartridge at 604 nm. Activity was estimated based on the initial slope of absorbance *versus* time determined using linear regression.

Protein-film electrochemistry
-----------------------------

A pyrolytic graphite rotating disk electrode (0.07 cm^2^ homemade pyrolytic graphite from Momentive Materials) was first polished with alumina MasterPrep Polishing Suspension (0.05 mm, Buehler, Esslingen, Germany) and sonicated for 5 min in Milli-Q water. Then, the electrode was transferred into the Glove-box (MBRAUN, Garching, Germany), filled with N~2~ where the surface-adsorbed oxygen was removed by cycling the potential 10 times from +250 mV to --650 mV (*vs.* SHE) in a buffer a mix at pH 6 containing mixture of 15 mM MES, HEPES, TAPS, CHES and sodium acetate and 0.1 M NaCl. The enzyme was then adsorbed following the protocol described previously and the measurements were done using the described set-up[@cit55] under the conditions: 25 °C, buffer mix pH 6, 20 mV s^--1^, 1 atm H~2~ (1 L min^--1^ total flow) and 2000 rpm electrode rotation rate to avoid mass-diffusion limitation. The potential was controlled by a PARSTAT MC-1000 multi-channel potentiostat (Princeton Applied Research, Oak Ridge, USA). All potentials are quoted *versus* the standard hydrogen electrode (SHE) using a conversion of +241 mV from SCE. The reference electrode potential was periodically controlled using (hydroxymethyl)ferrocene (+420 mV *vs.* SHE).[@cit56]
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Abbreviations
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\[2Fe\]

:   \[2Fe--2S\] subcluster of the H-cluster

\[2Fe\]^MIM^

:   Chemically synthesized \[2Fe\] cluster analogue

\[4Fe--4S\]

:   \[4Fe--4S\] subcluster of the H-cluster

adt

:   Azadithiolate

apoHydA1

:   Apoform of HydA1 only harboring the \[4Fe--4S\] subcluster

CO~p~

:   Equatorial CO ligand of the proximal iron

*C. reinhardtii*

:   *Chlamydomonas reinhardtii*

EPR

:   Electron paramagnetic resonance

Fe~d~

:   Distal iron atom of the \[2Fe\] cluster relative to the \[4Fe--4S\] moiety

Fe~p~

:   Proximal iron atom of the \[2Fe\] cluster relative to the \[4Fe--4S\] moiety

FTIR

:   Fourier-transform infrared

holoHydA1

:   Holoform of HydA1 harboring the \[4Fe--4S\] and \[2Fe\] subcluster

MV

:   Methyl viologen

NaDT

:   Sodium dithionite

SHE

:   Standard hydrogen electrode

WT

:   Wild-type
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[^1]: †Electronic supplementary information (ESI) available: Tables showing the mutagenic primers used in this study, the iron content of apoHydA1 and holoHydA1 variants after 1 h and 30 h of *in vitro* maturation, and a summary of the relevant redox states. Figures showing spectroscopic characterization of apoHydA1 "A" and "D" variants, *in vivo* maturation and oxidation screening of holoHydA1 variants, annotated FTIR spectra of holoHydA1 variants, comparison of normalized FTIR spectra of holoHydA1 variants after 1 h and 30 h of *in vitro* maturation, *in vitro* maturation followed by FTIR over 30 h, and a comparison of cyclic voltammograms of holoHydA1 variants from pH 5 to pH 10. See DOI: [10.1039/c7sc03444j](10.1039/c7sc03444j)
